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Abstract 
We have analyzed the role of critical amino acid residues involved in the interaction between ferredoxin and 
ferredoxin-glutamate synthase (GOGAT) encoded by the gltS gene from the cyanobacteriun Synechocystis sp. PCC 6803. 
Our results indicated that the glutamate 94 residue of Anabaena 7120 ferredoxin (= E92 of the Synechocystis 6803 
ferredoxin) was necessary for an efficient electron transfer to GOGAT comparable to ferredoxin:NADP-reductase, nitrite 
reductase and nitrate reductase [Schmitz and Btihme (1995) Biochim. Biophys. Acta 1231, 335-341]. The K m value 
determined for wt-ferredoxins and mutant E94Q (and E92Q) was 1 /xM, respectively, and activity loss of E94Q was due to 
a lowered Vma ×. Exchange of residue F65 for aliphatic substitutions, which was crucial to electron transfer to 
ferredoxin:NADP-reductase ndnitrite reductase, exhibited only small effects on glutamate synthase-dependent activity 
while heterocyst ferredoxin and flavodoxin were almost inactive as electron donors. In contrast o data reported for the 
spinach system, the stoichiometry of the cross-linked complex between ferredoxin and glutamate synthase was 1:1. 
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1. Introduction 
The ubiquitous electron carrier ferredoxin is in- 
volved in redox reactions of global importance in 
photosynthesis and nitrogen metabolism [1]. If avail- 
able, assimilation of inorganic nitrogen starts with 
Abbreviations: GOGAT, glutamate synthase; GS, glutamine 
synthetase; NIR, nitrite reductase; NAR, nitrate reductase; EDC, 
N-ethyl-3-(3-dimethylaminopropyl)carbo diimide; SDS, sodium 
dodecyl sulfate; wt, wild-type. 
" Corresponding author. Fax: +49 228 735513. 
nitrate transport into cyanobacterial cells and subse- 
quent reduction to nitrite and ammonia by the se- 
quential action of nitrate reductase (NAR) and nitrite 
reductase (NIR), which are both ferredoxin-depen- 
dent reactions in these photosynthetic organisms. 
Ammonium is assimilated into amino acids through 
the concerted action of the glutamine synthetase (GS) 
and a ferredoxin-dependent glutamate synthase 
(GOGAT), commonly known as GS-GOGAT path- 
way, which yields one net molecule of glutamate [2]. 
GOGAT is a large protein ranging from 145 to 170 
kDa and contains a [3Fe-4S] iron-sulfur cluster and 
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flavin(s) as prosthetic groups [3-6]. Recently, the 
first two cyanobacterial genes coding for glutamate 
synthases, gltS and gltB, have been cloned and 
sequenced from Synechocystis 6803. The correspond- 
ing proteins cross-reacted with antibodies against 
Fd-GOGAT purified from Synechococcus sp. PCC 
6301 [7]. 
Complex formation of ferredoxin:NADP-reductase 
(FNR), NIR and NAR with ferredoxin is mainly 
stabilized by electrostatic interactions [8-10]. Chemi- 
cal modification of carboxyl groups on the ferredoxin 
surface resulted in a significant decrease of both the 
affinity and the electron transfer rate to GOGAT 
from spinach [11]. Similar effects were found for 
FNR and NIR of higher plants, suggesting a com- 
mon, negatively charged binding site on ferredoxin 
[12]. Recently, this hypothesis was verified by studies 
on the interaction of mutagenized cyanobacterial 
ferredoxin with its redox partners, showing that a 
negatively charged surface area of the ferredoxin, 
including the iron-sulfur cluster and the residues E94 
and F65, was involved in electron transfer to FNR, 
NIR and NAR [8,10,13,14]. 
Evidence for a common ferredoxin-binding site on 
ferredoxin-dependent zymes originated from im- 
munological studies. Antibodies raised against 
spinach FNR cross-reacted with spinach GOGAT and 
NIR but not with complexes cross-linked to ferre- 
doxin [15]. Similar results were obtained with anti- 
bodies raised against GOGAT from Chlamydomonas 
reinhardtii which also recognized the NIR of this 
species and inhibited specifically the ferredoxin-de- 
pendent reactions of these enzymes [16]. These re- 
sults suggest he existence of antigenically related 
determinants at the ferredoxin-binding sites on differ- 
ent ferredoxin-binding enzymes. Chemical modifica- 
tion showed that these ferredoxin-binding sites con- 
tain positively charged residues. Reagents that mod- 
ify lysine and arginine residues led to a significant 
reduction of the ferredoxin-binding to FNR [17-19], 
spinach NIR [20] and spinach GOGAT [21]. 
In this work, we provide evidence that electron 
transfer from ferredoxin to GOGAT uses a similar 
site of interaction involving the crucial glutamate 94 
as observed for FNR, NIR and NAR. In addition, our 
data suggest that 1 molecule of ferredoxin is bound to 
1 molecule of GOGAT for the electron transfer eac- 
tion. 
2. Materials and methods 
2.1. Strains, plasmids and culture conditions 
The wild-type (wt) and mutagenized ferredoxins 
from Anabaena 7120 and Synechocystis 6803 were 
expressed in the Escherichia coli strain MC 1061. 
All plasmids harboring ferredoxin encoding genes 
were pUC18/19 derivatives [22]. Anabaena ferre- 
doxin constructs pAn665.1 and pAn321 were used 
for mutagenesis and expression in E. coli as previ- 
ously described [23]. Synechocystis 6803 ferredoxin 
was cloned as a 4.2 kb HindIII fragment (pCK2) 
from a genomic library. For mutagenesis, pCK14b (a 
0.9 kb HindIII/HindII fragment from pCK2) was 
used. 
For ferredoxin expression, 500 ml LB medium 
containing 100/xg/ml ampicillin was inoculated with 
E. coli cells freshly transformed with the correspond- 
ing plasmid. E. coli was grown for 18 h at 37°C with 
continuous haking. E. coli CLR harbors plasmid 
pFN14, that contains the Synechocystis gltS gene 
under control of pLac. For purification of recombi- 
nant GltS, E. coli CLR was cultured in LB with 
ampicillin at 100 /xg/ml (Navarro et al., unpub- 
lished). 
2.2. Site-directed mutagenesis 
Mutagenesis was performed as described [10] ac- 
cording to the USE-Mutagenesis Kit (Pharmacia). 
2.3. Protein purification and quantification 
Purification of the recombinant ferredoxins was 
performed essentially as described [10]. Purification 
of glutamate synthase from CLR-pFN14 was carried 
out as previously described (Navarro et al., unpub- 
lished). 
Protein concentration was measured according to 
Bradford [24], using ovoalbumin as standard. Con- 
centration of purified ferredoxin was measured using 
an absorption coefficient E422 = 9.7 mM-J. 
2.4. Ferredoxin-dependent glu amate synthase assays 
Glutamate synthase activity was determined by 
measuring glutamate formation as previously de- 
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scribed [25]. For assays, 8.4 /xg partially purified 
GltS protein and 10 nmol ferredoxin were used. The 
reaction was started by addition of 0.8 mg sodium 
dithionite freshly dissolved in 0.1 ml of 0.12 M 
NaHCO 3. After 10 and 20 min incubation at 30°C, 
reaction was stopped by mixing 0.25 ml of the reac- 
tion mixture with 0.15 ml of 1 M HC1. One unit of 
enzyme activity corresponds to the formation of 1 
/~mol of glutamate per minute. Kinetic parameters 
were calculated using Woolf-plots ([S]/v against [S]). 
2.5. Cross-linking of ferredoxin and GOGAT 
4.5 /xM partially purified GltS was incubated with 
35 /zM recombinant ferredoxin or flavodoxin [26] in 
10 mM potassium phosphate buffer (pH 7.2) and 4 
mM EDC at 30°C. The reaction was stopped by 
removing aliquots of 10 #1 at different incubation 
times, and diluted into the same volume of 50 mM 
Tris-HC1 buffer (pH 6.8), 100 mM dithiothreitol, 2% 
SDS, 0.1% bromophenol-blue and 10% glycerol. The 
samples were heated for 2 rain at 100°C and sub- 
jected to electrophoresis in 6% SDS-PAGE, accord- 
ing to Ref. [27]. 
3. Results and discussion 
Heterologous expression of Anabaena ferredoxin 
genes in E. coli [28], crystallization and X-ray analy- 
sis [29,30] allowed informed site-directed mutagene- 
sis of amino acid residues thought o be involved in 
the binding and electron transfer of this important 
family of electron carriers and some of its redox 
partners. So far, most of the results were obtained 
with ferredoxin-FNR interaction [8,10,13,14,23]. 
Comparative studies for interaction of ferredoxins 
with FNR, NIR and NAR revealed a common site on 
ferredoxin involved in binding to different target 
enzymes; the site of interaction included residues E94 
and F65, which seemed to be critical for an efficient 
electron transfer between its redox partners 
[8,10,13,14]. 
The analysis of GOGAT activity in the presence of 
different concentrations of sodium chloride in the 
reaction mixture, indicates a similar dependence on 
ionic strength as shown for NIR, NAR and FNR (Fig. 
1). When the ionic strength increased, the overall 
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Fig. 1. Effect of ionic strength on ferredoxin-dependent GOGAT 
activity. 10 /xM wt-PetF from Anabaena 7120 was used for the 
assay. Total ionic strength was adjusted by addition of aliquots of 
5 M NaC1 and measured with a conductometer. 
electron transfer ate strongly decreased, as occurred 
in systems where complex formation is mainly influ- 
enced by electrostatic forces. The typical activity 
peak for FNR, NIR and NAR between 30-50 mM 
NaC1 was not observed for GOGAT, due to the initial 
ionic strength of 70 mM, which could not be reduced 
because of buffer components and dithionite in the 
reaction mixture. However, the requirement of elec- 
trostatic interactions in the complex formation be- 
tween ferredoxin and the ferredoxin-dependent - 
zymes is apparent in all these different assay systems. 
We assayed the same amino acid substitutions of 
recombinant Anabaena 7120 PetF used for interac- 
tion studies with FNR, NIR and NAR [10] with 
purified GOGAT (GltS) from Synechocystis 6803 
(Table 1). As heterologous systems may give rise to 
criticism, we included several mutants from Syne- 
chocystis 6803 ferredoxin in order to validate the 
results obtained with Anabaena 7120 ferredoxin (Ta- 
bles 1 and 2). The amino acid identity between both 
ferredoxins is 74.5%. No major differences can be 
seen for both wt-ferredoxins as well as for the re- 
placement mutants E94Q ( Anabaena 7120) and E92Q 
(Synechocystis 6803). Although Synechoc~'stis 6803 
ferredoxin comprises only 96 amino acids (instead of 
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Table 1 
Electron transfer ates of glutamate synthase (GItS) from Svne- 
chocvstis 6803 with recombinant wt and mutated ferredoxins 
from Anabaena 7120 and Synechocystis 6803 and recombinant 
flavodoxin from Anabaena 7119 
GOGAT activity (in % of wt-PetF) 
wt-PetF A.7120 100.0 _+ 0.0 
EIOK/AI 1K 100.9_+3.7 
D22N/D23N 99.7 _+ 11.2 
D28N 104.2 _+ 9.6 
E31Q/E32Q 105.6 _+ 8.2 
D67N/D68N 102.2 + 9.9 
E94Q 32.9_+ 10.3 
E94Q/E95Q 21.4_+ 6.9 
F65I 89.8 _+ 11.8 
FdxH A.7120 9.1 +6.5 
flavodoxin A.7119 0.0 _+ 0.0 
wt-PetF S. 6803 100.0_+ 2.5 
E92Q 34.0-+,3.8 
E92Q/E93Q 27.8 -+ 2.3 
F63A 82.5 -+ 2.9 
100% activity corresponds to4.01 U/mg for the Anabaena 7120 
wt-PetF and 3.71 U/mg for the Synechocystis 6803 wt-ferredo- 
xin. 
98 amino acids for most plant-type ferredoxins), its 
kinetic parameters were identical to the Anabaena 
7120 protein (Table 2). As can be seen for the E94 
(= E92 of  Synechocyst is  6803) mutant, residues im- 
portant for interaction with other redox proteins are 
functionally conserved. Exchange of the conserved 
glutamate by an uncharged glutamine reduced elec- 
tron transfer capacity down to 33% of  the wt-rate 
(Table 1). The K m values of  1 /.tM were only 
slightly increased, and mainly Vm, x was affected by 
this substitution (Table 2). The change of  a negative 
charge (E92 or E94) by a neutral amino acid as 
glutamine did not impair the complex formation. As 
presented in Fig. 2A by cross-l inking analysis, the 
Table 2 
Kinetic parameters of glutamate synthase (GltS) interaction with 
the wt-ferredoxins from Anabaena 7120 and Synechocystis 6803 
and their corresponding mutants E94Q and E92Q 
K m (~M)  Vma x(U/mg) 
wt-PetF A. 7120 1.07 + 0.20 4.17 + 0.16 
E94Q 1.18 + 0.06 1.63 -- 0.02 
wt-PetF S. 6803 0.86 + 0.26 3.66 _+ 0.21 
E92Q 0.93 + 0.06 1.37 -- 0.02 
! 2 3 4 5 6 7 kDa 
-200 
-116 
- 80 
1 2 3 4 5 6 7 8 9 kDa 
t=o t=l t=-3 t=5 t=lO t=lO t=3o t=-lO 1=3o 
-200 
-116 
- 80 
Fig. 2. Cross-linking of partially purified GItS with different 
electron carriers. Cross-linked products were separated by 6% 
SDS-PAGE and stained with Coomassie Brilliant Blue. Minor 
bands are likely to be due to impurities of the GltS preparation 
and intramolecular crosslinking. An arrowhead indicates GItS 
cross-linked to ferredoxin (PetF). (A) Each reaction was carried 
out for 10 rain. Lane 1, GItS and E94Q from Anabaena 7120 
treated with EDC. Lane 2, GltS and wt-PetF from Anabaena 
7120. Lane 3, GItS and wt-PetF from Anabaena 7120 treated 
with EDC. Lane 4, GItS treated with EDC. Lane 5, GItS and 
FdxH treated with EDC. Lane 6, GltS. Lane 7, GltS and flavo- 
doxin from Anabaena 7119 treated with EDC. (B) Time course 
of cross-linking of GItS from Synechocystis 6803 and wt-PetF 
(lanes 1-5), FdxH (lane 6+7) or flavodoxin (lane 8+9) from 
Anabaena sp. Times between addition of EDC and stop of the 
reaction are indicated in rain. Ferredoxins and flavodoxin were 
used at 35 /xM, GltS at 4.5 /.tM and EDC at 4 mM final 
concentration for cross-linking experiments. 
complex formation still occurred, demonstrating no 
change in the extent of  ferredoxin binding to GOGAT 
for the wt and mutant E94Q. These data are in 
contrast to experiments carried out with spinach 
GOGAT where chemical modif ication of  some car- 
boxyl-groups of  ferredoxin resulted in a large in- 
crease of  the K m value from 2 /xM for the wt-pro- 
tein to 84 /xM for the modif ied ferredoxin [11]. 
Carboxyl  groups protected from chemical modif ica- 
tion in the ferredoxin:FNR complex cover a large 
surface area, with many different electrostatic forces 
stabilizing the complex [31]. El imination of  one of  
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these charged residues, as in our case, should not 
hinder complex formation; however, when many 
charges are eliminated, as in the case of chemical 
modification, complex formation mediated by elec- 
trostatic interactions will be affected and the K m may 
dramatically increase. Multiple mutations at nega- 
tively charged residues hould be able to verify this 
hypothesis. The significant decrease of GOGAT ac- 
tivity after elimination of the negative charge at 
ferredoxin position 94 is likely due to an orientation 
of both proteins in the complex that is no longer 
optimal for electron transfer. As shown by Hurley et 
al. [8], the reduction potential of Anabaena 7120 
PetF mutant E94K remained unaltered. However, this 
was questioned recently by Aliverti et al. [32], where 
the substitution of E92 for Q in the spinach ferre- 
doxin resulted in an increased redox potential by 
approx. 70 mV. Theoretically an increase in midpoint 
potential would affect the driving force of the reac- 
tion and explain to some extent he decrease of the 
electron transfer ate to GOGAT, whose redoxpoten- 
tial values of the flavin and non-heme iron cofactors 
were reported to be -170  to -180  mV [4]. How- 
ever, the magnitude of this effect is difficult to 
predict in this experiment. We think that a suboptimal 
orientation of the mutant ferredoxin E94Q in the 
complex is still an important reason for the observed 
effect. 
An aromatic residue at position 65 was found to be 
critical, especially for electron transfer to FNR and 
NIR, but in the case of GOGAT only a slight de- 
crease in activity was measured, with 82% (F63A, 
Synechocystis 6803) or 90% (F65I, Anabaena 7120) 
of the corresponding wt-ferredoxin rate (Table 1). All 
other amino acid substitutions had no significant 
effect on electron transfer to GOGAT (Table 1), 
similar to the results found with other ferredoxin-de- 
pendent enzymes. As already shown for NAR [10], 
the adjacent glutamate residue 95 seems to be in- 
volved to some extent in the electron transfer to 
GOGAT, thus the double mutant E94Q/E95Q (or 
E92Q/E93Q, respectively) showed a lower activity 
(remaining activity of 21%) than the single mutant 
(Table 1). 
The K m value for ferredoxin from each Anabaena 
7120 and Synechocystis 6803 was approx. 1 /xM. 
This is in accordance with the spinach enzymes, 
where a K m of 2 /xM was measured [11]. Compared 
to the Km'S of NIR (2.5/xM) and NAR (15/xM), the 
GOGAT:ferredoxin couple showed the lowest value. 
This may be important because of the metabolic 
connection of all three enzymes in the reduction and 
assimilation of nitrate into amino acids. A decreasing 
K m (increasing affinity) of the three ferredoxin-de- 
pendent enzymes for their electron source might be 
helpful in channelling nitrogen from nitrate into amino 
acids without accumulation of the potentially toxic 
intermediates nitrite and ammonia. 
In Fig. 2B, a time course experiment of cross-lin- 
king of different redox carriers to GltS is shown. 
Incubation with Anabaena 7120 wt-PetF finally led 
to the complete disappearance of unbound GltS, and 
only one cross-linked complex became apparent. GltS 
cross-linked to the heterocyst ferredoxin (FdxH) from 
Anabaena 7120 migrated significantly further down 
in the polyacrylamide g l, but again only one type of 
(1:1) complex together with unbound GltS was visi- 
ble. This is in contrast o the previously reported 
stoichiometry of the cross-linked complex for ferre- 
doxin and spinach GOGAT of 2:1 [11,15]. Because 
we did not carry out membrane ultrafiltration, one 
might attribute the contrasting results to the different 
experimental set-up. Despite the overall sequence 
identity between the spinach enzyme and GltS from 
Synechocvstis 6803 of 57.4%, it is also possible that 
both proteins differ in their interaction with ferre- 
doxin. Interestingly, the flavin content determined for 
the spinach GOGAT (1 FMN and 1 FAD; [5]) and 
cyanobacterial counterparts (1 FMN for the GltS 
from Synechococcus 6301 and Synechocystis 6803; 
[6], Navarro et al., unpublished results) exactly re- 
flects the observed ferredoxin-binding stoichiometry. 
The Anabaena 7120 heterocyst ferredoxin (FdxH) 
exhibited a very low electron transfer ate to GltS 
(9% of the wt-PetF level, see Table 1). This is 
remarkable because FdxH contains residue E94 and 
exhibits an overall protein folding pattern that is very 
similar to PetF [30]. Together with the markedly 
lower extent of cross-linking to GltS (Fig. 2), it 
appears doubtful whether GOGAT is present in hete- 
rocysts [33]. Studies on Anabaena GItS protein ex- 
pression should help to clarify the route of fixed 
nitrogen in this specialized cell type. A cross-linked 
complex of GltS to flavodoxin from Anabaena sp. 
PCC 7119 was hardly detectable (Fig. 2). In the assay 
system based on dithionite reduction, no electron 
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transfer from flavodoxin to GltS from Synechocystis 
6803 was detected under standard conditions (Table 
1). Taken together, these results support he interpre- 
tation that GltS is very specific for PetF-type ferre- 
doxins as electron donors, and cannot be replaced by 
FdxH-type ferredoxins or by flavodoxin expressed 
under iron limiting conditions. This might be one of 
the reasons for unsuccessful attempts to inactivate the 
petF gene, even under growth conditions for full 
induction of the flavodoxin protein (C. Kutzki and H. 
BiShme, unpublished results). 
Acknowledgements 
We thank Dr. J.K. Hurley and Prof. Dr. G. Tollin 
(University of Arizona) and Prof. Dr. J.L. Markley 
(University of Wisconsin) for providing the An- 
abaena 7120 PetF mutant F65I and Dr. M. Fillat 
(University of Zaragoza) for the flavodoxin from 
Anabaena 7119. This work was supported by a grant 
from the Deutsche Forschungsgemeinschaft (Bo
660/4-2), the Fond der Chemischen Industrie, the 
Direcci6n General de Investigaci6n Cientffica y 
T~cnica of Spain (PB91-0127), by Junta de Andalucla 
(group 3247) and the 'acciones integradas Hispano- 
Alemanas' (HA94-176). S.S. is recipient of a fellow- 
ship from the Graduiertenkolleg 'Funktionelle Pro- 
teindom~inen' i  Bonn. F.N. is recipient of a predoc- 
toral fellowship from the Fundaci6n C~imara-Uni- 
versidad e Sevilla. 
References 
[l] Rogers L.J. (1987) in the Cyanobacteria (Fay P. and Van 
Baalen C., eds.), pp. 35-67, Elsevier, Amsterdam. 
[2] Miflin, B.J. and Lea, P.J. (1980) in the Biochemistry of 
Plants (Miflin B.J., ed.), Vol. 5, pp. 169-202, Academic 
Press, New York. 
[3] Galvfin F., Marquis S. and Vega J.M. (1984) Planta 162, 
180-187. 
[4] Hirasawa, M., Robertson, D.E., Ameyibor, E., Johnson, 
M.K. and Knaff, D.B. (1992) Biochim. Biophys. Acta 1100, 
105-108. 
[5] Knaff, D.B., Hirasawa, M., Ameyibor, E., Fu, W. and 
Johnson, M.K. (1991) J. Biol. Chem. 266, 15080-15084. 
[6] Marquis, S., Florencio, F.J. and Candau, P. (1992) Eur. J. 
Biochem. 206, 69-77. 
[7] Navarro, F., ChS.vez, S., Candau, P. and Florencio, F.J. 
(1995) Plant Mol. Biol. 27, 753-767. 
[8] Hurley, J.K., Salamon, Z., Meyer, T.E., Fitch, J.C., Cu- 
sanovich, M.A., Markley, J.L., Cheng, H., Xia, B., Chae, 
Y.K., Medina, M., G6mez-Moreno, C. and Tollin, G. (1993) 
Biochemistry 32, 9346-9354. 
[9] Hirasawa, M., Tollin, G., Salamon, Z. and Knaff, D.B. 
(1994) Biochim. Biophys. Acta 1185, 336-345. 
[10] Schmitz, S. and BShme, H. (1995) Biochim. Biophys. Acta 
1231, 335-341. 
[11] Hirasawa, M., Boyer, J.M., Gray, K.A., Davis, D.D. and 
Knaff, D.B. (1986) Biochim. Biophys. Acta 851, 23-28. 
[12] Knaff, D.B. and Hirasawa, M. (1991) Biochim. Biophys. 
Acta 1056, 93-125. 
[13] Hurley, J.K., Cheng, H., Xia, B., Markley, J.L., Medina, M., 
G6mez-Moreno, C. and Tollin, G. (1993) J. Am. Chem. 
Soc. 115. 11698-11701. 
[14] Hurley, J.K., Medina, M., G6mez-Moreno, C. and Tollin, G. 
(1994) Arch. Biochem. Biophys. 312, 480-486. 
[15] Hirasawa, M., Chang, K.T., Morrow, K.J. and Knaff, D.B. 
(1989) Biochim. Biophys. Acta 977, 150-156. 
[16] Romero, L.C., Gotor, C, Mfirquez, A.J., Forde, B.G. and 
Vega, J.M. (1988) Biochim. Biophys. Acta 957, 152-157. 
[17] Zanetti, G., Gozzer, C., Sacchi, G. and Curti, B. (1979) 
Biochim. Biophys. Acta 568, 127-134. 
[18] Sancho, J., Medina, M. and G6mez-Moreno, C. (1990) Eur. 
J. Biochem. 187, 39-48. 
[19] Medina, M., M~ndez, E. and G6mez-Moreno, C. (1992) 
FEBS Lett. 298, 25-28. 
[20] Hirasawa, M., De Best, J.H. and Knaff, D.B. (1993) 
Biochim. Biophys. Acta 1140, 304-312. 
[21] Hirasawa, M. and Knaff, D.B. (1993) Biochim. Biophys. 
Acta 1144, 85-91. 
[22] Yanisch-Perron, C., Vieira, J. and Messing, J. (1985) Gene 
33, 103-119. 
[23] Schmitz, S., Schrautemeier, B. and BShme, H. (1993)Mol. 
Gen. Genet. 240, 455-460. 
[24] Bradford, M.M. (1976) Anal. Biochem. 72, 248-254. 
[25] Marqu6s, S., Florencio, F.J. and Candau, P. (1989) Anal. 
Biochem. 180, 152-157. 
[26] Fillat, M.F., Borrias, W.E. and Weisbeek, P.J. (1991) 
Biochem. J. 280, 187-191. 
[27] Laemmli, U.K. (1970) Nature 227, 680-685. 
[28] BShme, H. and Haselkorn, R. (1989) Plant Mol. BioL. 12, 
667-672. 
[29] Rypniewski, W.R., Breiter, D.R., Benning, M.M., Wesen- 
berg, G., Oh, B.H., Markley, J.L., Rayment, I. and Holden, 
H.M. ( 1991 ) Biochemistry 30, 4126-4131. 
[30] Jacobson, B.L., Chae, Y.K., Markley, J.L., Rayment, I. and 
Holden, H.M. (1993) Biochemistry 32, 6788-6793. 
[31] De Pascalis, A.R., Jelasarow, I., Ackermann, F., Koppenol, 
W.H., Hirasawa, M., Knaff, D.B. and Bosshard, H.R. (1993) 
Protein Sci. 2, 2112-2133. 
[32] Aliverti, A., Hagen, W.R. and Zanetti, G. (1995) FEBS Lett. 
368, 220 224. 
[33] H~iger, K.P., Danneberg, G. and Bothe, H. (1983) FEMS 
Microbiol. Lett. 17, 179-183. 
